Soil disturbance guidelines should be based on comparable disturbance categories adapted to specific local soil conditions, validated by monitoring and research. Guidelines, standards, and practices should be continually improved based on an adaptive management process, which is presented in this paper. Core components of this process include: reliable monitoring protocols for measuring and comparably describing soil disturbance for operations, sustainability and certification protocols; effective methods to predict the vulnerability of specific soils to disturbance and related mitigative measures; and, quantitative research to build a database that documents the practical consequences of soil disturbance for tree growth and soil functions.
Introduction
A number of models exist for the development and continual improvement of guidelines and standards for sustainable forest management (e.g., ISO 14001 (ISO 2001) . However, there is no consensus on components required in such models to ensure conservation and possible enhancement of soil productivity. This paper presents an adaptive management framework for soil disturbance that supports internal operations and policy as well as external reporting for due-diligence in forest soil management. To support this framework, common language and key components should be defined and agreed upon (Curran et al. 200x ). These components include clear definitions of the various types of monitoring, which are critical to the adaptive management process.
It would be mutually beneficial for agencies and companies to cooperate and develop the key components of reliable soil management procedures. This would:
• ensure continuous evolution of Best Management Practices (BMPs),
• enable coordinated development and implementation of training materials and new tools,
• facilitate reporting for sustainability protocols and meeting objectives of third-party certification, and
• enhance the exchange and application of research results from various sources.
Long-term research in representative ecosystems is essential for understanding and managing the effects of forest practices on long-term soil productivity. Regional databases need to be developed
Internal operations and policy within a given jurisdiction
The adaptive management process that has evolved based on the British Columbia (B.C.) Forest Practices Code and related soil disturbance guidelines (B.C. Ministries 1995a), and now the Forest and Range Practices Act (FRPA), demonstrates useful adaptive management components ( Figure   1 • inclusive of the range of disturbance likely to occur,
• visually discernible and readily recognized by equipment operators or lay people,
• classed as detrimental (for tree growth or hydrology), or as ameliorated,
• site-specific, and
• consistent with on-going validation monitoring (research) that tests the assumptions of "detrimental", or "ameliorated" to site productivity or hydrology. 
Cost-effective monitoring to facilitate reliable comparisons
The USFS recognizes three types of soil quality monitoring (Avers 1990 ; USFS 1991):
• Implementation monitoring tests if the prescribed soil management practices have been implemented as designed or authorized (e.g., is the disturbance level within the acceptable limits?). This is also referred to as compliance monitoring which is an important requirement for third-party certification. • Effectiveness monitoring tests if the prescribed soil management practices were effective in meeting management objectives (e.g., do authorized harvesting systems efficiently meet the disturbance target? Are sensitive soils identified and treated adequately?).
• Validation monitoring tests the assumptions of the monitoring standards and guidelines to ensure they are appropriate for maintaining soil productivity (e.g., do specific disturbance types actually result in a significant or measurable loss in productivity?).
In B.C., implementation monitoring is carried out by compliance and enforcement staff at the As outlined in Table 1 , methods and intensity vary by types of monitoring and must strike a balance between affordability and utility (credibility). wasting. These are often relevant to other jurisdictions and address the same disturbance processes recognized by the USFS nation-wide (Powers et al. 1998 ). Risk-rating systems for these processes focus on soil physical properties (e.g., texture) and may be combined with site factors related to topography and drainage. For example, the BCMoF compaction-hazard key is based mainly on soil texture and coarse fragment content.
We need to develop and test rating systems to ensure they reflect the site-specific differences that are observed during operations and research. For example, on sandy soils in southern B.C. we have found that percent clay appears to influence disturbance effects on tree growth. These sites would be rated the same under current guidelines, but because growth results typically differ with the clay content (Figure 2) , such research will lead to adaptive changes in rating systems and guidelines. A remaining challenge is to justify localized rating systems, while still ensuring comparability across jurisdictions to enable sharing operational and research knowledge.
Data for hazard ratings may be based on detailed soil mapping at a 1:24,000 or larger scale. This is the level at which most direct risk-rating methods have been developed in the US Pacific
Northwest. On-site inspection is still needed to confirm accuracy of the mapping and the actual soil series to be rated. In the absence of detailed soil mapping, each area proposed for harvest requires its own soil assessment as part of harvest planning; this is the procedure used in B.C.
( Curran et al., 2000) . indicators. The underlying assumption is that ongoing adaptive management and research will test these proxies against the MP indicators. The rationale is that MP indicators are too onerous to track everywhere, and local-level standards should already be addressing these sustainability issues.
Well designed and carefully executed adaptive management process will help identify soil properties that are critical to measure and report (regionally, nationally and internationally). This mirrors the process used by the USFS since 1987. Each region of the U.S. has been developing and modifying soil quality threshold standards aimed at detecting a 15% decline in a site's potential capacity for growing vegetation (Powers et al. 1998) . Because these standards vary by region, and they are in continual upgrade, they are by definition adaptive. A similar process supports the B.C. standards. 
Comparable soil-disturbance guidelines across jurisdictions

Summary
Soil conservation should be based on an adaptive management process. Necessary components include common soil disturbance categories, reliable protocols for measuring and describing soil disturbance, and effective risk-rating to categorize soil sensitivity or anticipated degree of degradation (e.g., degree of compaction). Moreover, long-term research is needed to quantify the effects of forest management practices on sustainability indicators and their linkages with direct measures of tree growth and soil function. We suggest that the following summary points are relevant to most sustainable forest resource management issues:
• All components of the adaptive management process outlined in Figure 1 are critical to the overall success of sustainable forest management.
• There needs to be clear distinction amongst the three types of monitoring required for adaptive management. Roles and responsibilities associated with these activities require clarity.
• There needs to be an adequate balance of effort spent on the various types of monitoring.
• There needs to be clear links between monitoring activities, local "state of the resource" reporting, and reporting for third-party certification and protocols like the MP. The proposed use of standards as proxies needs validation.
• Longer-term research is critical: to test assumptions of sustainability guidelines, to demonstrate sustainability, and to adjust guidelines and practices as more data becomes available about specific sites or practices.
We appreciate the discussions we have had with colleagues interested in a common approach to Figure 2. Mean tree volume of Douglas-fir at 15 years on two gravelly sandy loam soils, but differing in clay content (Gates Creek, B.C. 12% clay, slightly plastic to plastic and Phoenix, B.C. 4% clay, non-plastic). Treatment descriptions: Non-stumped (harvested and slash windrowed but stumps not removed); Scalped (harvested, stumps removed and windrowed with slash); Raked (harvested stumps removed and windrowed with slash, cutover raked with a brush blade to bring large roots to the surface). Letters a and b denote significant differences (p<0.05) within a site (adapted from Wass and Senyk 1999) .
